Strains of Enterobacter cloacae show promise as biocontrol agents for Pythium ultimum-induced damping-off on cucumber and other crops. E. cloacae A145 is a mini-Tn5 Km transposon mutant of strain 501R3 that was significantly reduced in suppression of damping-off on cucumber caused by P. ultimum. Strain A145 was deficient in colonization of cucumber, sunflower, and wheat seeds and significantly reduced in colonization of corn and cowpea seeds relative to strain 501R3. Populations of strain A145 were also significantly lower than those of strain 501R3 at all sampling times in cucumber, wheat, and sunflower rhizosphere. Populations of strain A145 were not detectable in any rhizosphere after 42 days, while populations of strain 501R3 remained at substantial levels throughout all experiments. Molecular characterization of strain A145 indicated mini-Tn5 Km was inserted in a region of the E. cloacae genome with a high degree of DNA and amino acid sequence similarity to rpiA, which encodes ribose-5-phosphate isomerase. In Escherichia coli, RpiA catalyzes the interconversion of ribose-5-phosphate and ribulose-5-phosphate and is a key enzyme in the pentose phosphate pathway. Ribose-5-phosphate isomerase activity in cell lysates from strain A145 was approximately 3.5% of that from strain 501R3. In addition, strain A145 was a ribose auxotroph, as expected for an rpiA mutant. Introduction of a 1.0-kb DNA fragment containing only the rpiA homologue into strain A145 restored ribose phosphate isomerase activity, prototrophy, seedling colonization, and disease suppression to levels similar to those associated with strain 501R3. Experiments reported here indicate a key role for rpiA and possibly the pentose phosphate pathway in suppression of damping-off and colonization of subterranean portions of plants by E. cloacae.
effective application of biocontrol agents of plant fungal diseases. A number of studies indicate that colonization of subterranean plant parts is a limiting step in certain biocontrol interactions (Bull et al. 1991; Chin-A-Woeng et al. 2000; Weller 1988) . A number of diverse traits have been correlated with colonization of plant surfaces, including motility, chemotaxis, salt tolerance, root attachment, putrescine uptake, O-antigen side chain of lipopolysaccharide (LPS), and a site specific recombinase (Anderson et al. 1988; Dekkers et al. 1998a, b; de Weger et al. 1987 de Weger et al. , 1989 Gamliel et al. 1992; Heinrich and Hess 1985; Kuiper et al. 2001; Polonenko et al. 1981) . It has also been demonstrated that growth of the microbial inoculant is indispensable for efficient colonization to occur (O'Sullivan et al. 1992; Roberts et al. 1996b Roberts et al. , 1996c Roberts et al. , 2000 Simons et al. 1996 Simons et al. , 1997 . Seed and root exudates are a complex and rich source of carbohydrates, amino acids, organic acids, and other nutrients that are thought to promote the metabolic activity and growth of beneficial bacteria in the spermosphere and rhizosphere (Curl and Truelove 1986) . However, there is a significant gap in our knowledge of the role played by the metabolic (catabolic and anabolic) pathways of plant growth-promoting rhizobacteria and the nutrients supplied by host plants in growth, seed colonization, and root colonization.
Strains of Enterobacter cloacae have been shown to protect cucumber and other plants from damping-off caused by Pythium ultimum (Hadar et al. 1983; Howell et al. 1988; Nelson 1988; Nelson et al. 1986 ). The traits required for suppression of P. ultimum damping-off by E. cloacae are not completely understood. There is some evidence suggesting that the production of ammonia by E. cloacae is involved in disease suppression (Howell et al. 1988 ). However, the most compelling evidence comes from the work of Nelson and associates who showed that P. ultimum germinates rapidly in response to fatty acids released by germinating seeds (Nelson 1987 (Nelson , 1990 Ruttledge et al. 1997) and that inactivation of these fatty acids by E. cloacae is involved in suppression of P. ultimum seed rot (Van Dijk and Nelson 2000) . It appears that root colonization is not required for suppression of P. ultimum damping-off of cucumber. A root-colonization deficient strain of Escherichia coli provided disease suppression that was similar to a root-colonization proficient strain of E. cloacae (Roberts et al. 1997) .
E. cloacae is also an efficient colonizer of the spermosphere and rhizosphere of a wide range of plant species (Hadar et al. 1983; Kleeberger et al. 1983; Ladha et al. 1983; Nelson 1988; Rennie et al. 1982 ; Roberts et al. 1996c Roberts et al. , 1997 Roberts et al. , 1999 . Our ap-proach to identify bacterial genes and metabolic pathways important for both growth and colonization on plant parts has been to construct metabolic mutants of E. cloacae strain 501R3 and screen for mutants affected in seedling colonization. We previously reported the isolation of E. cloacae strain A-11, which contained a transposon insertion in pfkA, which encodes phosphofructokinase. Strain A-11 was reduced in colonization on cucumber and radish seeds, but colonized pea, sunflower, and sweet corn at wild-type levels (Roberts et al. 1992 (Roberts et al. , 1999 . A number of other catabolic and anabolic mutants of strain 501R3 have been identified, which are reduced in colonization of one or two seed types (Roberts et al. 1996b (Roberts et al. , 1996c ; D. P. Roberts, W. Li, S. M. Lohrke, and P. D. Dery, unpublished data). To date, none of these mutants have been shown to be altered in biocontrol of damping-off on cucumber (D. P. Roberts, W. Li, S. M. Lohrke, and P. D. Dery, unpublished data).
Here, we report the isolation of the mutant E. cloacae strain A145, which exhibits reduced colonization of several diverse crop species and significantly reduced biocontrol ability. We demonstrate that the observed phenotype is the result of insertional inactivation of rpiA, encoding ribose-5-phosphate isomerase (RpiA). RpiA is a key enzyme in the pentose phosphate pathway, and RpiA activity is required for the synthesis of aromatic amino acids and vitamins, purines and pyrimidines, nicotinamide adenine dinucleotide (NAD), and the heptose components of LPS (Sprenger 1995) .
RESULTS

Molecular and biochemical characterization of E. cloacae A145.
E. cloacae strain A145 was selected for further study after the preliminary screening of a library of mini-Tn5 Km mutants of E. cloacae strain 501R3 (Roberts et al. 1996c ). In initial screens, E. cloacae A145 was drastically reduced in colonization of cucumber seedlings relative to the parental strain 501R3 (data not shown). Southern hybridization analysis demonstrated the presence of a single mini-Tn5 Km insertion in the chromosome of strain A145 (data not shown). A cosmid library of A145 DNA was constructed, and cosmid pECL830, containing the mini-Tn5 Km insertion, was isolated. Subsequent subcloning from pECL830 yielded plasmids pP6 and pT145, each of which contains transposon mini-Tn5 Km (Fig. 1, Table 1 ). Sequencing outward from mini-Tn5 Km in pT145, using primers specific for the ends of mini-Tn5 Km, indicated that this transposon was inserted in a region of the strain A145 genome with a high degree of sequence similarity to rpiA, which encodes ribose-5-phosphate isomerase (Hove-Jensen and Maigaard 1993). The complete nucleotide sequence of rpiA was obtained by sequencing the E. cloacae inserts in pT145, pGK3.5, and pGK1.7. Plasmids pGK3.5 and pGK1.7 were also derived by subcloning from pP6 ( Fig. 1) . Analysis of the combined sequences from pT145, pGK3.5, and pGK1.7 revealed the presence of an open reading frame of 657 nucleotides, sufficient to encode a polypeptide of 219 amino acids (data not shown). A consensus -10 promoter sequence (TATAAT) extending from residues -41 to -36 relative to the predicted ATG translation initiation site was identified. A consensus -35 promoter sequence was not observed at the correct spacing to the -10 sequence, which is consistent with the structure of the Escherichia coli rpiA gene. A proposed Shine-Dalgarno sequence (AGG) was identified 11 to 13 nucleotides upstream of the predicted start codon. An inverted repeat, representing a potential transcriptional termination site, was identified immediately downstream of the translational stop codon. The inverted repeat was located five bases from the stop codon and consisted of the 7-bp repeat CGGGGGG-N 6 -CCCCCCG, followed by six A residues. Comparison of this sequence with the rpiA sequence from Escherichia coli indicated 98.1% DNA sequence similarity and 96.8% amino acid sequence identity (data not shown). Analysis of the complete DNA sequence from pT145, pGK3.5, and pGK1.7 also indicated the presence of regions upstream and downstream of rpiA with a high degree of DNA sequence similarity to iciA and serA (Fig. 1) . These genes encode an inhibitor of chromosome initiation (Thöny et al. 1991 ) and 3-phosphoglycerate dehydrogenase (Tobey and Grant 1986) , respectively. The rpiA, serA, and iciA genes have identical organization and direction of transcription in E. cloacae and Escherichia coli (Hove-Jensen and Maigaard 1993) .
To confirm that the transposon insertion affected RpiA activity, an enzymatic assay was carried out. Ribose-5-phosphate isomerase activity in cell lysates from E. cloacae A145 was approximately 3.5% of the ribose-5-phosphate isomerase activity in cell lysates from the parental strain, E. cloacae 501R3 (Table 2 ). Based on sequence data obtained from pT145, pGK3.5, and pGK1.7, the wild-type rpiA homologue from E. cloacae 501R3 was polymerase chain reaction (PCR) amplified using Pfu polymerase and primers rpiAUP and rpi-ADOWN (Fig. 1) , and the resulting 1.3-kb blunt-end fragment was subcloned into the SmaI site of pGEM-7Zf(+). Both strands of the 1.3-kb PCR product were sequenced to confirm that the PCR product contained no mutations (data not shown). rpiA, containing all putative upstream promoter sequences, was subsequently subcloned as a 1.0-kb HindIII-XbaI fragment into pRK415 to generate pKR1.0 (Fig. 1, Table 1 ) and was introduced into strains A145 and 501R3 by electroporation. The direction of transcription of rpiA in pKR1.0 is opposite to that of the lac promoter of pRK415 (Fig. 1) , preventing expression of rpiA from the strong inducible lac promoter. Introduction of the rpiA homologue on pKR1.0 into strains A145 and 501R3 resulted in a dramatic increase in ribose-5-phosphate isomerase activities for both strains. Enzyme activity increased approximately 4.1-fold for 501R3(pKR1.0) and 107-fold for A145(pKR1.0) compared with strains 501R3 and A145, respectively (Table 2) . Specific ribose-5-phosphate isomerase activity in A145(pKR1.0) was significantly greater than that in 501R3 and similar to that in 501R3(pKR1.0) ( Table 2) .
Strains A145 and A145(pRK415) grew in M56 minimal salts broth plus 0.2% glucose or xylose only in the presence of ribose (ribose was added at 0.0025%). This growth profile is expected for ribose auxotrophy resulting from a mutation in rpiA (HoveJensen and Maigaard 1993; Skinner and Cooper 1971; 1974) . E. cloacae strain A145(pKR1.0) containing the wild-type rpiA homologue grew on M56 minimal salts broth plus either 0.2% glucose, arabinose, or xylose in the absence of ribose (data not shown). In addition, E. cloacae A145 did not grow on M56 minimal salts broth amended with 0.5% glycerol and 26 D,L-amino acids, 21 growth factors, or 6 nucleotide precursors added individually or in combinations (data not shown). E. cloacae 501R3 was able to grow under all nutritional conditions examined.
Seed and root colonization.
E. cloacae A145 was substantially reduced in short term colonization ability of corn (Zea mays cv. Stowells Evergreen), cowpea (Vigna sinensis cv. Pinkeye Purple Hull), cucumber (Cucumis sativum cv. Marketmore 76), sunflower (Helianthus giganteus), and wheat (Triticum aestivum) seeds in natural soil compared with strain 501R3 (Table 3) . Populations of E. cloacae 501R3, the parental strain, increased substantially (P 0.001), on all seed types over the initial 45 h after application. In contrast, populations of E. cloacae A145 increased (P 0.05) on only corn and cowpea seeds. Populations of strain A145 were similar at 0 and 45 h after application on all other seed types.
E. cloacae A145 was also significantly impaired in colonization of cucumber, sunflower, and wheat rhizosphere relative to strain 501R3 (Fig. 2) . Populations of strain A145 were significantly lower (P 0.05) than those of 501R3 at all time points after being added to natural soil as a seed treatment. Populations of strain A145 were not detectable in the rhizosphere of any crop tested after 42 days. In contrast, populations of strain 501R3 remained at substantial levels during the entire experiment (Fig. 2) .
Plant disease suppression.
E. cloacae A145 was significantly reduced in suppression of damping-off of cucumber caused by P. ultimum relative to E. cloacae 501R3 (Table 4) . Mean plant stand per pot was significantly lower (P 0.05) when seeds were treated with strain A145 than with the healthy check or when strain 501R3 was applied, with all levels of P. ultimum tested (Table 4 ). This was the case when similar levels of strains A145 and 501R3 were applied in seed treatments and when approximately threefold higher populations of strain A145 were applied. Mean plant stand per pot was similar to the pathogen check when cucumber seeds were treated with A145 and were sown in potting mix containing the higher levels of P. ultimum inoculum. There was no evidence of phytotoxicity with any seed treatment. Similar results were obtained from repeated experiments.
Genetic restoration of seedling colonization and disease suppression. Introduction of the wild-type rpiA homologue into E. cloacae A145 on plasmid pKR1.0 resulted in a significant increase in colonization of cucumber seedlings when compared with both strains A145 and A145(pRK415) in the presence of P. ultimum (Table 5) . By day 14, log 10 CFU per seedling was essentially identical for both 501R3 and A145(pKR1.0) (7.11 vs. 7.08 log 10 CFU per seedling, respectively), whereas populations of A145 and A145(pRK415) were both substantially and significantly lower (5.71 and 4.21 log 10 CFU per seedling, respectively). The presence of control plasmid pRK415 appeared to have a detrimental effect on the colonization of both A145 and 501R3. Interestingly, the presence of extra copies of rpiA in the wild-type strain 501R3 did not increase colonization, suggesting that increasing the copy number of rpiA does not improve colonization of the wild-type strain. Similar results were obtained with repeated experiments in the presence of and the absence of P. ultimum (data not shown).
Introduction of the wild-type rpiA homologue into E. cloacae A145 also resulted in a significant increase in disease suppression (Table 4) . Mean plant stand per pot with cucumber seeds treated with strain A145(pKR1.0) was similar to the healthy check and to treatments where strain 501R3 was applied. In addition, mean plant stand per pot was significantly greater (P 0.05) in treatments containing A145(pKR1.0) than with treatments where A145 or A145(pRK415) were applied at similar or threefold greater populations.
DISCUSSION
E. cloacae A145, a transposon mutant derivative of E. cloacae 501R3, was severely impaired in seed (Table 3) and root (Fig. 2) colonization of several diverse plant species and was reduced in biocontrol of P. ultimum-induced damping-off on cucumber (Table 4) . Genetic and biochemical data presented here demonstrate that the defect in colonization and biocontrol of A145 is the result of inactivation of rpiA, the gene encoding ribose-5-phosphate isomerase. E. cloacae A145 contains a single mini-Tn5 Km insertion that is inserted in a region of the E. cloacae genome with very high DNA and amino acid sequence similarity to rpiA from Escherichia coli (data not shown). E. cloacae A145 is significantly reduced in RpiA activity relative to strain 501R3 and is a ribose auxotroph, as expected for an rpiA mutant (Hove-Jensen and Maigaard 1993). A 1.0-kb DNA fragment containing only rpiA restored prototrophy, RpiA activity, seedling colonization, and disease suppression, indicating that the E. cloacae A145 phenotype is due solely to a mutation in rpiA and not to other physically linked genes (Tables 2,  4 , and 5). In addition, the presence of an inverted repeat indicative of a transcriptional termination signal downstream of rpiA suggests this gene is expressed as a monocistronic mRNA.
Strain A145 is unique among all the E. cloacae metabolic mutants we have identified to date because it is the only mutant that exhibited impaired colonization on all plant seeds tested and also was reduced for biocontrol of damping-off on cucumber (Roberts et al. 1996c; ; D. P. Roberts, W. Li, S. M. Lohrke, and P. D. Dery, unpublished data). In order to explain the defects in colonization and biocontrol of strain A145, it is necessary to examine the role of rpiA in bacterial metabolism (Fig. 3) . RpiA plays a key role in the pentose phosphate pathway. One function of the pentose phosphate pathway is to allow for growth on pentoses as a sole carbon source (Fraenkel et al. 1996; Lin 1996) . It is unlikely that the loss of catabolic capabilities due to the mutation in rpiA results in the strain A145 phenotype. Ribose is a minor constituent in exudates of seeds we have tested (Roberts et al. 1999 ). In addition, strain A-11, another mutant derived from strain 501R3, lost the ability to catabolize a much broader range of exudate than strain A145, and strain A-11 was affected in colonization of a more narrow range of seed types compared to A145 and was not affected in disease suppression (Roberts et al. 1999 ; D. P. Roberts, W. Li, S. M. Lohrke, and P. D. Dery, unpublished data).
Another, and probably more relevant, function of rpiA to colonization and to disease suppression is to provide intermediates for several essential anabolic pathways (Fig. 3) . One of these intermediates is 5-phosphoribosyl 1-pyrophosphate (PRPP), which is derived directly from ribose-5-phosphate and is required for the biosynthesis of purine and pyrimidine nucleotides, histidine, tryptophan, and NAD. Ribose-5-phosphate in combination with xylulose-5-phosphate is required for the synthesis of the core polysaccharides of LPS and for aromatic amino acids and certain vitamins. In Escherichia coli, another gene that encodes ribose-5-phosphate isomerase activity (rpiB) has been identified, but the majority of the isomerase activity is provided by rpiA (Sørensen et al. 1996) . The enzyme assay data from Table 2 suggests that, if E. cloacae contains an rpiB homologue, the activity is very low. Examination of the pentose phosphate pathway outlined in Fig. 3 suggests that in an rpiA mutant, very little ribose-5-phosphate should be formed from ribulose-5-phosphate in the absence of exogenous ribose, resulting in insufficient PRPP, sedoheptulose-7-phosphate and erythrose-4-phosphate for essential anabolic pathways. The low levels of ribose in the seed exudates are irrelevant to strain 501R3 which possesses ribose phosphate isomerase activity, and is able to generate sufficient ribose-5-phosphate for growth from other, more prevalent, compounds present in exudate. However, the role of the anabolic pathways branching off from the pentose phosphate pathway in colonization and disease suppression is still unclear. There has been one report documenting the importance of LPS to root colonization (Dekkers et al. 1998b) .
In order to develop microbial inoculants that are effective biocontrol agents, it is imperative that inconsistencies in the performance of inoculant strains be resolved (Cook and Baker 1983; Weller 1988 ). There is a consensus that these inconsistencies may be due, at least in part, to an inability of the introduced strain to compete with indigenous microorganisms for nutrients and other resources, resulting in a failure to effectively colonize the rhizosphere (Lugtenberg and Dekkers 1999; O'Sullivan et al. 1992; Roberts et al. 1996a; 1996c; . One approach to improving colonization is to increase expression of genes involved in the colonization process. The concept of metabolic engineering of microorganisms to increase either the productivity or quality, or both, of microbial fermentations has attracted increased attention from industry (Bailey 1991; Brown 1997; Emmerling et al. 1999) . Within any given pathway, the metabolic flow is determined to a large extent by the activities of one or more key enzymatic steps. It is argued that by increased expression of these key enzymes, metabolic flow though the pathway can be increased, which may result in increased production of one or more desired metabolites. Given the central role of the pentose phosphate pathway in the synthesis of many key metabolites, metabolic engineering of this pathway may allow for improved colonization capabilities. However, overexpression of rpiA in E. cloacae did not significantly improve colonization or biocontrol, suggesting that while rpiA is essential for these processes, it does not appear to be a rate-limiting step. It is possible that overexpression of other genes in the pentose phosphate pathway, either alone or in combination with rpiA, may allow for increased metabolic flow, resulting in increased anabolic activity that may improve colonization or biocontrol, or both.
MATERIALS AND METHODS
Bacterial strains and culture conditions.
All strains and plasmids used in this study are listed in Table  1 . E. cloacae 501R3 is a prototrophic, spontaneous, rifampicin- resistant mutant of E. cloacae strain EcCT501 (Nelson 1988; Roberts et al. 1992 ). E. cloacae A145 is a mini-Tn5 Km mutant of 501R3. E. cloacae strains used in this report were grown in either Luria-Bertani (LB) broth or agar (Miller 1972) or M56 basal salts broth or agar (Nguyen et al. 1983) . Unless indicated otherwise, strains were grown to stationary phase at 250 rpm and 37°C. When appropriate, the medium was supplemented with kanamycin (50 µg/ml), rifampicin (100 µg/ml) or tetracycline (12.5 µg/ml).
Molecular techniques.
DNA isolations, transformations, electroporation, restriction enzyme digests, electrophoresis, ligations, and hybridizations were performed as previously described (Sambrook et al. 1989) . A cosmid clone library of strain A145 was constructed in pLAFR3 using standard procedures (Sambrook et al. 1989) . Cosmid clone pECL830 was identified by selection on LB media supplemented with tetracycline and kanamycin. The 9-kb BglII fragment containing mini-Tn5 Km was subcloned from pECL830 into pRK415, generating subclone pP6 (Fig. 1) . Plasmid pP6 was digested with ClaI, and a 3.5-kb fragment containing mini-Tn5 Km plus flanking E. cloacae DNA was cloned into pGEM-7Zf(+), generating pT145. Primers designed to the right (MT5R2096: 5-GGG CCT TGA TGT TAC CGA GAG C-3) and the left (MT5L294: 5-TAA GCG TGC ATA ATA AGC CCT ACA-3) ends of miniTn5 Km were used to sequence outwards from mini-Tn5 Km in pT145. Plasmid pP6 was digested with KpnI and the resulting KpnI fragments subcloned into pGEM-7Zf(+), generating pGK3.5 and pGK1.7 (Fig. 1) , which were subsequently sequenced. Wild-type rpiA, plus all transcriptional control elements, was PCR amplified from strain 501R3 using primers rpiAUP: 5-GCT TAT TCT GCA GTA TGA CAA A and rpiADOWN: 5-CAT CCA TGC CCC CGA ACT-3 and Pfu polymerase. Primer rpiAUP is located at residues -610 to -586 relative to the translation start site and primer rpiADOWN is located 80 to 103 residues downstream of the translation termination site. The resulting 1.3-kb PCR product containing rpiA was cloned into the SmaI site of pGEM-7Zf(+), generating pGR1.3. The complete nucleotide sequence of pGR1.3 was determined on both strands. DNA sequencing was carried out by PCR-mediated Taq DyeDeoxy terminator cycle sequencing. The LASERGENE (DNASTAR, Inc., Madison, WI, U.S.A.) sequence analysis software package and the BLAST software package (Altschul et al. 1997) were used for all DNA and protein sequence analysis. For   Fig. 3 . Pentose phosphate metabolism in Escherichia coli. Metabolism of pentose phosphates in Escherichia coli, with emphasis placed on the anabolic portion of the pathway. PRPP = 5-phosphoribosyl 1-pyrophosphate; EMP = Embden-Meyerhoff Pathway; LPS = lipopolysaccharide; NAD = nicotinamide adenine dinucleotide; deoB = phosphodeoxyribomutase; deoD = purine nucleoside phosphorylase; gnd = 6-phosphogluconate dehydrogenase; prs = phosphoribosyl diphosphate synthetase; rbsK = ribokinase; rpe = ribose phosphate epimerase; rpiA = ribose phosphate isomerase A; rpiB = ribose phosphate isomerase B; tal = transaldolase; tkt = transketolase; and zwf = glucose-6-phosphate dehydrogenase. complementation studies, insert DNA from pGR1.3 containing rpiA was subcloned into pRK415 as a 1.0-kb HindIIIXbaI fragment to generate pKR1.0. The location of the HindIII site is 210 residues upstream of the translation start site, and the XbaI site is located downstream of the rpiA gene in pGEM7Zf(+).
RpiA enzyme assays.
Ribose-5-phosphate isomerase activity was determined by the method of MacElroy and Middaugh (1982) . E. cloacae strains were grown overnight at 37°C with shaking in 5 ml of LB broth containing appropriate antibiotics. Overnight culture (1 ml) was removed, centrifuged, and resuspended in 1 ml of assay buffer (0.1 M Tris-HCl pH 7.4, 1 mM EDTA, 1 mM mercaptoethanol). This suspension was diluted 1:3 in assay buffer and the cells disrupted by sonication on ice (Vibra Cell Sonicator with a micro tip at a setting of 3.0 for 3 × 15 s; Sonics and Materials, Danbury, CT, U.S.A.). Cell debris was pelleted by centrifugation in a microcentrifuge for 2 min at 4°C, the supernatant transferred to a clean tube and then incubated on ice. Crude lysate (0.1 ml) or assay buffer (as control) were added to 0.3 ml of assay buffer and 0.1 ml of 30 mM ribose-5-phosphate (in assay buffer) and then incubated at 37°C for 15 min. Reactions were stopped by the sequential addition of 0.5 ml 30 mM cysteine, 5 ml 70% H 2 SO 4 and 0.2 ml 0.1% carbazole and then incubated at 37°C for 30 min for color development. The optical density at 540 nm (OD 540 ) of the samples was determined. An OD 540 of 0.14 corresponds to the formation of 0.1 µmol of ribulose-5-phosphate (MacElroy 1982) . The protein content in cell lysates was determined using the BioRad Protein Assay kit (Bio-Rad, Hercules, CA, U.S.A.) and was used to determine specific activity (µmoles ribulose-5-phosphate/min/mg protein).
In vitro growth assays.
Strains 501R3, A145, A145(pRK415), and A145(pKR1.0) were grown overnight at 37°C with shaking in 100 ml of M56 minimal salts medium containing 0.2% glucose and 0.0025% ribose. Overnight cultures were centrifuged, washed once with sterile M56 minimal salts containing no supplements, and resuspended to an OD 540 of 0.8 in M56 minimal salts containing no supplements. The washed cell suspension (400 µl) was used to inoculate in triplicate 20 ml of M56 minimal salts medium in 250 ml flasks amended with either 0.2% ribose, 0.2% xylose, 0.2% glucose, 0.2% ribose plus 0.2% xylose, 0.2% ribose plus 0.2% glucose or 0.2% glucose plus 0.5% yeast extract. The initial OD 540 of the cultures was determined, and the flasks were incubated at 37°C with constant shaking at 250 rpm. Optical densities of the cultures were taken at 2 h postinoculation and at subsequent 1 h intervals for a total of 7 h. For biochemical complementation of auxotrophy, ribose was added to M56 basal salts medium at 0.0025%.
Disease suppression assays.
E. cloacae strains were grown overnight in LB broth containing the appropriate antibiotics (Table 1) , were washed in sterile distilled water (SDW), and were incorporated into treatments of cucumber seeds with pelgel (LiphaTech Inc., Milwaukee, WI, U.S.A.) and peat as described (Roberts et al. 1997) . Seeds coated with pelgel, peat, and SDW, but no bacteria were used as controls. P. ultimum was grown on corn meal agar at 25°C for 3 days, were flooded with soil extract (Ayers and Lumsden 1975) , and were incorporated into nonsterile soilless mix (Redi-earth peat-lite mix, Scott's Horticultural Products, Marysville, OH, U.S.A.). Soilless mix, soilless mix amended with sporangia of P. ultimum or with SDW, treated cucumber seeds, and soilless mix amended with sporangia of P. ultimum or SDW, were added as sequential layers to 120 cm 3 cups as described (Roberts et al. 1997) . Eight replicate cups were sown with five seeds each and were incubated in a growth chamber at 22°C for 14 days with a 12-h photoperiod. Plant stand per cup was determined, analysis of variance (ANOVA) carried out, and differences among means estimated using a protected least significant difference (LSD) test (SAS, Cary, NC, U.S.A.). The experiment was performed three times. Repeated experiments were not combined prior to analysis.
Populations of strains were monitored during the course of the biocontrol assay by sowing seeds treated for the biocontrol assay in 4 cm 3 nonsterile soilless mix (prepared for the biocontrol assay) in 14 ml sterile snap cap tubes and then incubating the tubes in the growth chamber along with the biocontrol assay. CFU were determined at various times by dilution plating the entire contents of the tubes onto LB agar containing the appropriate antibiotics. The mean log 10 CFU per seedling for each strain was determined, ANOVA was carried out, and differences among means were estimated using LSD (SAS). Treatments were replicated six times, and the experiment was performed three times. Repeated experiments were not combined prior to analysis.
Seed colonization experiments in natural soil.
E. cloacae strains were grown, washed, resuspended in SDW, and applied to single cucumber, corn, cowpea, sunflower, or wheat seeds as aqueous suspensions as previously described (Roberts et al. 1992) . Seeds were buried in a natural Galestown gravelly loamy sand soil (77.8% sand, 12.6% silt, 9.6% clay, 0.6% organic matter, pH 5.8) that had been previously equilibrated to -75 kPa and were incubated at 22°C. Seeds were not surface sterilized. CFU were determined at 0 and 45 h by dilution plating onto LB agar containing the appropriate antibiotics as described above. Experiments were performed three times with two replicates per treatment. The mean log 10 CFU per seedling for each seed type for each strain was determined and compared using the Student's t test (SAS). Repeated experiments were combined prior to statistical analysis.
Root colonization experiments in natural soil.
Cucumber, sunflower, and wheat seeds treated with approximately 10 8 CFU per seed of E. cloacae strains in a pelgel/peat formulation as described above were sown in the natural Galestown gravelly loamy sand soil in 6.5 cm diameter × 25 cm deep pots and were incubated in a growth chamber at 22°C with a 12-h photoperiod. Plants were removed at sampling time and the entire root system sampled by cutting the root at the soil line. The entire root system and adhering soil were placed in SDW, sonicated, and CFU per root system determined as described (Roberts et al. 1997) . Root system fresh weight was determined for each sample. Log 10 CFU per gram of fresh weight root tissue was determined for each treatment and compared using the Student's t test (SAS). The experiment was performed three times with six replicates per treatment for each crop species. Repeated experiments were combined prior to analysis.
